Abstract: A three-dimensional ͑3D͒ hydrodynamic model application to the Bay of Fundy was performed using a boundary-fitted coordinate hydrodynamic model. Because the Saint John River and Harbour area were of interest for this study, a very fine grid with a resolution range of 50-100 m was used in the Saint John Harbour region, while a grid resolution of about 2-3 km was used in the Bay of Fundy. The model forcing functions consist of tidal elevations along the open boundary and fresh water flows from the Saint John River. The model-predicted surface elevation compares well with the observed surface elevation at Saint John and the root mean square error in the model-predicted surface elevation for a 60-day period is found to be 4%. The amplitudes and phases of the major tidal constituents at 24 tidal stations, obtained from a harmonic analysis of a 60-day simulation, compares well with the observed data obtained from Canadian Hydrographic Survey. The predicted harmonic amplitudes and phases of the M 2 tidal constituent are, respectively, within 20 cm and 7°of the observed data. The counterclockwise gyre observed in the body of Bay of Fundy is reproduced in the model.
Introduction
The Saint John River originates in the Appalachian Mountains and empties into the Bay of Fundy. A narrow, shallow sill 3-4 m deep demarcates the estuarine and river regimes ͑Godin 1991͒. The river widens near the mouth, then passes through the sill to enter Saint John Harbour. Strong tides that enter the sill area through a gorge create a strong current alternating in direction, known as the ''Reversing Falls'' ͑Godin 1991͒. Godin investigated the hydraulics of Saint John River from the observed tidal elevation in the river and suggested that the observed 15-and 28-day oscillations are created by the periodic retention of fresh water during intervals of spring tide. Godin concluded that the increased discharge in the river damps the tide progressing upstream but enhances the 15-and 28-day oscillations. Godin also concluded from the observations that the large tide present at the mouth of the river could not enter the river, which he attributes to the impenetrable barrier caused by the reversing falls.
The world's highest tides occur in the Bay of Fundy and have been attributed to the fact that the natural period of the Gulf of Maine-Bay of Fundy system is close to the M 2 period of 12.42 h ͑Greenberg 1979͒. Greenberg's ͑1979͒ modeling domain included the whole of Bay of Fundy and the Gulf of Maine. Greenberg ͑1979͒ also gives a historical review of analytical and simplified model studies in the Bay of Fundy. Greenberg's ͑1979͒ model included the effects of Coriolis acceleration, real depth, and quadratic bottom friction. The nonlinear convective terms were neglected except in the Minas Channel and Minas Basin. Four basic grid mesh sizes were used to obtain progressively better resolutions from the Gulf of Maine to the Bay of Fundy. Details of the finite difference schemes and methods for joining the grids are given in Greenberg ͑1976͒. Greenberg's calculations were made with a pure M 2 tidal input specified on the open boundary, and the model was calibrated by adjusting the coefficient of friction and depth in the Gulf of Maine to give the best agreement with the analyses of observed tidal elevations at 74 stations in the model domain. Greenberg ͑1976͒ concluded that a large part of the mean circulation could be due to tidal rectification modified by meteorological forcing, but he could not confirm this due to the doubts about the appropriate open boundary conditions. Greenberg ͑1979, 1990͒ gives a detailed account of modeling studies in the Bay of Fundy and also states that his model does not reproduce the counterclockwise gyres seen in Bay of Fundy.
Isaji and Spaulding ͑1984͒ used a 3D numerical model to study the tidally induced residual flows in the Gulf of MaineGeorges Bank region using a 6.25-km square grid. Tidal elevations in terms of M 2 phase and amplitude along the open boundary are specified using the Schwiderski ͑1979, 1980͒ deep ocean tidal model. Lynch and Naime ͑1993͒ studied the 3D circulation due to M 2 tide and its residual circulation in Gulf of Maine with emphasis on Georges Bank, Browns Bank, Nantucket shoals, and the nearshore region off Cape Sable. Computed M 2 amplitudes of surface elevations and currents were compared with the observed data available in the literature. 
Sources of Available Data for Bay of Fundy and Saint John River

Model Description
The hydrodynamic model used in the present study is a state-ofthe-art, 3D, time-dependent, generalized, nonorthogonal, The fully transformed equations are given in Muin and Spaulding ͑1997b͒. The equations of motion are split into exterior and interior modes to increase the allowable time step and reduce the computational time. Solution of the exterior mode using a semiimplicit solution methodology has been described in Muin and Spaulding ͑1997b͒. The vertical diffusion term for the interior mode is solved implicitly using a three-time level scheme. The spatial discretization is based on a space-staggered grid system ͑Arakawa and Lamb 1977͒ and the temporal discretization is based on three-level scheme with a weighting factor of 1.5. Thus, the algorithm is second-order in time and space. The boundaryfitted model technique matches the model coordinates with the shoreline boundaries and allows the user to adjust the model grid resolution, as desired. Thus, the system allows the user to use a very fine grid resolution in the Saint John River with the grid closely fitting the river boundaries and a coarse grid resolution in the Bay of Fundy region. Because tidal circulation is of primary importance in this study, baroclinic effects are neglected. The vertical viscosity A v is assumed to be vertically constant and horizontal, and temporal variations are allowed of the form ͑Davies and Furnes 1980; Lynch and Naimie 1993͒ A v (,,t)ϭN 0 (ū 2 ϩv 2 ) where (ū ,v ) are the vertically averaged velocities in the ͑,͒ directions, respectively, and N 0 is taken to be 0.2 s. At the open boundaries, the water surface elevation is specified as a function of time. At the closed boundaries, the normal velocities are set to zero. The river boundaries are given by a specified inflow-velocity and horizontal pressure gradient set to zero. A time step of 10 min is used for the simulations reported in this study.
Model Study Area
The model domain along with its bathymetry and tidal station locations are shown in Fig. 1 . A 15 arc-s ArcInfo format grid obtained from the Canadian nautical charts was used to generate the bathymetry for the Bay of Fundy and for the Saint John River. The boundary-fitted grid for the study area is shown in Fig. 2 . Details of the grid in the Saint John River are shown in Fig. 3 . The grid in Fig. 4 consists of 119ϫ227 segments with 5,952 water cells in the horizontal plane and 10 sigma levels in the vertical plane. Table 1 gives a summary of the number of grid cell corners for various grid angles in those ranges for the boundaryfitted grids used in this study, and a grid angle of 90°represents an orthogonal grid. It is seen that the 93% of the grid cell corners have grid angles greater than 60°. The size of grid cells ranged from 250 m in the river to about 2,500 m in the Bay. Taking the average depths of water to be 40 and 150 m, respectively in the river and the bay, the grid resolution works out to be about 3,500 and 650 grids per wavelength, respectively for the semidiurnal tide. This grid resolution was shown to be adequate to model the tidal circulation ͑Sankaranarayanan and Spaulding 2003͒. The bathymetry was mapped onto the boundary-fitted grid. The grid system was designed to provide a good resolution in the Bay of Fundy region and higher resolution in the vicinity of the Saint John River region. The ability of the boundary-fitted grid system to use variable grid lengths in the Bay of Fundy and Saint John River is clearly seen.
Model Forcing Functions
The 17 major tidal constituents for the tidal stations at West Head and Rockland, located at either end of the open boundary, are given in Table 2 . It can be observed from Table 2 6 . Model-predicted currents: ͑a͒ peak ebb; ͑b͒ 2 h after the peak ebb; ͑c͒ 3 h after the peak ebb; ͑d͒ 4 h after the peak ebb; and ͑e͒ hydrodynamic model-predicted flood tide currents in Reversing Falls in Saint John River
Rockland and used as a boundary condition. The mean river flows given in Godin ͑1991͒ were used as the fresh water flows into the Bay.
Model Skill Assessment
Effects of Coriolis acceleration and quadratic bottom friction were included in the model. Table 6 . The error in the predicted M 2 amplitude at Saint John Harbour is 3 cm and the error in the phase is about 5°, which translates into a time lag of 10 min between the observations and predictions. The errors in the predicted amplitudes and phases for the other constituents are higher, but their magnitudes are relatively small when compared with M 2 .
Harmonic Currents
The model-predicted harmonic principal currents, directions, and phases at eight locations ͑Table 7͒ for the M 2 and N 2 harmonic constituents are compared with those reported in U.S. Geological Survey Bulletin 1611 ͑Moody et al. 1984͒. The error in the principal current speeds ͑Tables 8 -11͒ are found to be within 10% except at station Bed 66 and the error in the directions are within 10°except at stations Bed 61 and Bed 62 ͑Table 8͒. The errors in principal current phases are within 20°at all stations ͑Table 9͒. The errors in the principal current magnitudes are found to be within 20% at all stations and the errors in the directions are within 10°, except at stations Bed 61 and Bed 62 ͑Table 10͒. The errors in the principal current phases are with in 10°at all stations. The vertical structure of the current is found to be constant, except in the River. Very strong currents of the order of 10 m/s are found to develop in the River, and a very prominent vertical current structure is seen in the River. The model predictions of currents in the River could not be compared with observations due to lack of data. A counterclockwise gyre, observed in the Bay of Fundy, was reproduced in the model as shown in Figs. 6͑a-d͒. Fig. 6͑e͒ shows the model predicted flood tide currents in Reversing Falls in the Saint John River.
Conclusions
The model-predicted, tidal surface elevations compare well with those observed at Saint John Harbour, and the RMS error of the model predictions is found to be less than 4%. The errors in the model predicted amplitudes of the M 2 harmonic tidal constituent at 22 stations are within 0.2 m, and the errors in the phases are within 7°, except for stations in the upper Bay. The amplitudes and phases for the N 2 harmonic tidal constituent compare favorably with the observations. The vertical structure of the modelpredicted harmonic current compares well with the observations.
